Exposure to ozone has been associated in epidemiologic and field studies with a range of health outcomes: increased daily mortality (1); impaired lung function (2-4); and inflammation and epithelial injury in recreational runners (5) and cyclists (6), as well as increased hospital admissions for preexisting respiratory disease (7, 8) . A biological basis for these responses has been provided by findings from animal (9) and human laboratorybased studies (10), where transient decrements in lung function, increased hyperreactivity, and airway inflammation have all been demonstrated after exposure to environmentally relevant concentrations of ozone (11, 12) . Although the database for ozoneinduced health effects is considerable, a number of issues remain unresolved. The relationship between inhaled ozone dose and the magnitude of the resultant pulmonary response has been limited to a consideration of transient lung function decrements (12) (13) (14) , as these measurements are noninvasive and easy to perform. Similar analyses addressing the relationship between ozone dose and acute pulmonary inflammation and tissue injury have not been performed. Here, the available database is more limited, and issues related to variation in study design, airway sampling, and the endpoints studied have made a similar approach more problematic. Establishing these relationships is vital in determining threshold doses of ozone below which adverse responses are negligible in the healthy population. As the magnitude of lung function decrements is not simplistically related to epithelial injury or inflammation (15), one cannot rely on estimates derived from these modeling studies to determine threshold values for these other biologically important endpoints.
lavage total protein between the ozone and air exposures. This metaanalysis included data from 21 publications containing 23 exposures, with responses stratified into those measured early (0-6 hours) or late (18-24 hours) postexposure.
We observed evidence of a relatively simple linear relationship between ozone dose (CVT) and neutrophilia in bronchoalveolar lavage fluid samples (r 2 ϭ 0.44, p Ͻ 0.01 at 0-6 hours, and r 2 ϭ 0.51, p Ͻ 0.01 at 18-24 hours), with the regressions cutting the upper 95% confidence interval of the control neutrophil level (postair) at CVT values of 645 (408-883) mg/m 2 , intercept with 95% confidence intervals at 0 to 6 hours, and 810 (491-1,130) mg/m 2 at 18 to 24 hours. Simple linear relationships were also observed between ozone dose and protein leak into the airways over the early-and late-acute response time points. Together, these data highlight an underlying association between ozone dose and airway responses and indicate that an appropriately designed large-scale exposure study could investigate the question of an ozone threshold level for such endpoints. Some of the results of these studies have been reported previously in the form of an abstract (16) .
METHODS

Study Selection Criteria
Only randomized air-controlled studies were considered for inclusion. Double-blinded studies were preferred, but single-blinded and open studies were also reviewed for inclusion.
Study Populations
All subjects included in this metaanalysis were healthy nonsmokers (18-40 years, predominately male). Where subjects were exposed on two separate occasions (control air and ozone), intervals of 2 to 6 weeks were used to limit carry over effects. One of the selected studies addressed inflammatory responses in healthy subjects classified as responders or nonresponders on the basis of the magnitude of their FEV 1 decrement after ozone (17, 18) . On the basis of their preselection, they are treated as two separate groups in this metaanalysis. Smokers (19) , subjects with asthma (17, 20, 21) , and subjects taking antioxidant supplements (22) were excluded from these analyses, but data from healthy control subjects from these studies were included where paired ozone-and airexposure data were available. In the case of the study described in Samet and colleagues (22) , the control group had received a placebo compound for a 14-day period after a period of dietary restriction. However, as neither intervention had a significant impact on the outcome, these data were included.
Exposure Conditions
Ozone concentrations ranged from 0.08 to 0.6 ppm, with exposure durations of 60 to 396 minutes. The majority of exposures were conducted in whole-body chambers ‫ف(‬ 20-25ЊC) supplied with humidified air, though mouthpieces (23, 24) and head domes (25) were also used. With the exception of these studies and those where subjects wore nose clips during exposures (26) (27) (28) , subjects were allowed to follow their normal breathing pattern. The work rate ventilatory response ranged from 14.8 to 35 L/minute/m 2 body surface area. In all studies, with the exception of studies by Schelegle and colleagues (24) and Hazbun and colleagues (28) , subjects alternated between exercise and rest, with the duration of exercise varying between 48.2 and 100% of the exposure period (Table 1) .
Dose
The dose of ozone reaching the tissue cannot be determined easily; therefore, a surrogate measure was employed on the basis of the CVT convention (29) . This simplistic expression has been used previously, often with different weightings given to the concentration, duration, and ventilation components (30, 31) . Here, we modified this expression to account for the proportion of exercise subjects performed during their exposures, with each component given an equal weight. Two separate dose expressions were generated, the first for the exercise periods, using the quoted V e values, and the second for the rest period for which a nominal value of 4 L/minute/m 2 was used. These two values were then summed to obtain a total exposure dose. The resting ventilation rate was somewhat high to account for the subject's recovery from exercise, as well as intersubject differences in exercise tolerance. The derived value for each of the studies cited is given in Table 1 .
Bronchoscopy Procedure
Generally, the studies can be classified into those in which a large volume of saline is instilled into defined lung segments as multiple aliquots and then pooled to obtain a representative distal lung sample (23, 26, 27, 32, 33) or into those in which a small, variable volume of the first instillation is retained separately from the remaining aspirates (17, 19, 21, 34, 35) to reflect the bronchial airways. Balmes and colleagues also performed peripheral airway lavage using a modified balloon catheter to isolate specific airway segments (17, 36) .
Assessment of Airway Neutrophilia
Total and differential cell counts were performed in all studies using standard methods, usually based on counts of not less than 300 cells per slide. To avoid complications with variable dilution, we elected to use the percentage of lavage fluid neutrophils as our response endpoint.
Assessment of Altered Epithelial Permeability
Total protein and albumin were determined using a range of standard methodologies.
Data Abstraction
For studies where the original data (or a useful summary) were not presented, where possible, they were extracted from manuscript illustrations using image capture and scaling software. Where data were only alluded to in text, the study authors were contacted to obtain data. All data were expressed as mean and SE. As described previously, where data were summarized using nonparametric expressions, raw data were obtained and reanalyzed.
Data Analysis
Data were classified as early or late responses, as well as with respect to whether the lavages were of the bronchial or alveolar regions of the lung. Least-squares regressions were performed on plots of the mean neutrophil count after ozone at a given CVT value, weighted for the SE on these values. In all cases, the data met the requirements for equal variance and normality (see online supplement for further details). To obtain estimates of threshold ozone doses, the intercept point between this regression line and the upper 95% confidence interval of the overall postair percentage of polymorphonuclear leukocytes was calculated. This control value was based, in the majority of studies, on a parallel lavage after a control filtered-air exposure with exercise. It was assumed that although significant increases in neutrophils may have occurred in individual studies at CVT doses below this point, they were unlikely to be biologically significant. To ascertain whether high neutrophil background numbers postair were biasing interactions, regression analyses were also performed using the absolute change in polymorphonuclear leukocytes (ozone-air) versus dose. All statistical analyses were performed using SPSS for Windows, version 11.5 (SPSS Inc., Chicago, IL), MicrocalOrigin, version 5 (Microcal Software Inc., Northampton, MA), or the Unistat Excel plug-in, version 4.53 (Unistat Ltd., London, UK).
RESULTS
Temporal Profile of Ozone-induced Neutrophilia
As airway inflammation is progressive, it was necessary to understand the response profile before performing any dose-response analysis. This issue has been investigated in five studies (19, 24, 27, 37, 38) , each considering only a limited number of time points. Using the data set assembled for this metaanalysis, we examined the temporal neutrophil response by dividing the studies into high (Ͼ 1,000) and low (Ͻ 1,000) CVT dose exposures. Data were segregated as it was thought that response induction might occur more rapidly in the high-dose studies. The alveolar lavage neutrophil data set, including information from all 23 studies cited in Table 1 , indicated a rapid induction of neutrophilia in the high-dose studies, peaking at 3 hours (26). A similar pattern was observed in the low ozone dose studies, with the peak response also at 3 hours, again based on a single observation (27) . The response profile in the bronchial airways was less clear. At low ozone doses, the neutrophil peak occurred 6 hours postexposure, with a slow resolution phase. In contrast, the induction of the neutrophil response under high-dose exposures was very rapid, persisting until 18 to 20 hours postexposure. At 24 hours, the neutrophilic response appeared to attenuate, although this was based on data from a single study (35) . On the basis of these results, we decided to examine the ozone dose-neutrophil response over two defined periods: early, between 0 and 6 hours, and late, 18 to 24 hours postexposure. These data are illustrated in Figure E1 in the online supplement.
Ozone-induced Neutrophilia in the Alveolar Lavages
The range of neutrophil responses occurring 0 to 6 hours postozone in the alveolar lavage samples is illustrated in Figure 1 , on the basis of results from 13 peer reviewed studies. We observed significant associations between ozone-induced neutrophilia and the CVT dose expression (r 2 ϭ 0.44, p Ͻ 0.01). As the majority of these studies examined airway responses at 1 to 2 hours postexposure, we repeated these analyses excluding data from those studies with lavage performed between 3 and 6 hours (21, 23, 25, 31, 32) . This did not significantly affect the strength of the underlying CVT response relationship (r 2 ϭ 0.48). The threshold response value was calculated as 645 (408-883) mg/m 2 from the intercept between the linear regression through neutrophil data after ozone and the upper 95% confidence interval of the mean proportion of neutrophils observed postair (1.5 [0.9-2.1]% based on data from all 13 studies).
Between 18 and 24 hours postozone exposure, we observed a significant linear relationship between the CVT expression and the proportion of neutrophils postozone (r 2 ϭ 0.51, p Ͻ 0.01) (Figure 2 ). Only one study (34) , which reported a remarkably high neutrophilia (16.4 Ϯ 3.0%) after ozone, gave results that deviated significantly from the overall trend line. Given this, and in the absence of a randomized air control exposure in this study, we omitted these data. Interestingly, the attenuated neutrophilic response observed by Christian and colleagues (34) after 4 consecutive days of ozone challenge fell very near (7.6 Ϯ 1.3%) the regression line. At 18 to 24 hours postair, the mean proportion of neutrophils was 2.1%, with a 95% confidence interval of 1.4 to 2.8%, giving a CVT threshold of 810 (491-1,130) mg/m 2 . When the overall neutrophil responses were examined (% polymorphonuclear leukocytes after ozone minus the % postair), the significant association with ozone dose remained, indicating that differences in postair neutrophil levels were not biasing the underlying relationship (Figures 1 and 2 ).
Ozone-induced Neutrophilia in Bronchial Lavage
Five studies consisting of seven exposures were available to examine the early (0-6 hours) neutrophil response in the bron- Definition of abbreviations: BAL ϭ bronchoalveolar lavage; BSA ϭ body surface area; CVT ϭ ozone concentration ϫ ventilation rate ϫ exposure time; ND ϭ not determined.
* V E is expressed in the manuscript as 5 L/minute/L VC. The V E described previously was calculated using the mean healthy control FVC, given in this manuscript as 5.5 L.
† These data are not themselves extractable from the data of Torres and colleagues, or related materials, and we are indebted to Professor Frampton for supplying us with these data.
‡ In this study, no V E was quoted. We have assumed from the workload employed that V E would have been 20 L/minute/m 2 . § In this study, the impact of a single-and multiple-day ozone exposure is compared against historic air-challenge data. The fold increases are therefore versus this historic data set.
¶ The calculated CVT is based on the assumption that V E was 4 L/minute/m 2 during the rest periods. Where the V E during exercise had not been indexed to the subject's BSA, an approximation of this value was obtained assuming a mean BSA of 2 m 2 . || In the permeability and inflammation columns, 'Yes' indicates a significant ozone-induced effect, increased lavage fluid total protein and/or albumin, or the presence of airway neutrophilia. 'Yes/No' indicates a trend toward an effect, or in the case of inflammation, the presence of proinflammatory signals. 'No' indicates no response. Both the fold increase in BAL fluid total protein and % neutrophils after ozone are illustrated. ** Significant fold increase in BAL fluid total protein or % neutrophils. chial airways. There appeared to be no relationship with CVT (r 2 ϭ 0.05, p ϭ 0.65, n ϭ 7), even when the data set was restricted to those studies where bronchoscopy was performed earlier than 3 hours postexposure (r 2 ϭ 0.06, p ϭ 0.69, n ϭ 5). On the basis of this, we did not produce an estimate of the response threshold using this data set. It was notable, however, that when the overall response was calculated on the restricted data set, some evidence of an underlying association became apparent (r 2 ϭ 0.76, p ϭ 0.05, n ϭ 5).
Seven studies consisting of nine exposures were available to examine late (18-24 hours) neutrophil responses in the bronchial airways after ozone. Data obtained using peripheral airway lavage were omitted from these analyses due to their high postairexposure neutrophil levels (17, 36) . Using these data, we observed no evidence of a simple relationship between ozone dose and neutrophilia (r 2 ϭ 0.02, p ϭ 0.69, n ϭ 9). Omitting the studies by Stenfors and colleagues (39) , on the basis of an abnormally high bronchial wash neutrophil number postair challenge, as well as that by Christian and colleagues (34) , for the reasons outlined earlier, did not reveal a clearer relationship between dose and induced neutrophilia (r 2 ϭ 0.24, p ϭ 0.27, n ϭ 7). Notably, and similar to the situation at 0 to 6 hours, when the overall response was examined in the restricted data set (n ϭ 
Altered Permeability in Alveolar Lavage
This analysis was limited by the lack of comparative data between studies, with albumin concentrations determined in only 9 of the 21 cited studies (Table 1) . Consequently, only bronchoalveolar lavage fluid total protein concentrations were considered, with responses expressed as fold changes over the early and late postexposure period. Over the early postexposure period, no significant relationship between CVT and the total protein response was observed (r 2 ϭ 0.07, p ϭ 0.45). However, the data from the study performed by Hazbun and colleagues (28) clearly distorted any underlying association, and removal of this data revealed a linear relationship (r 2 ϭ 0.51, p Ͻ 0.05, n ϭ 9), which was further strengthened by excluding those studies with bronchoscopy performed between 3 and 6 hours postexposure (r 2 ϭ 0.74, p Ͻ 0.05, n ϭ 6). These data are illustrated in Figure  E4 in the online supplement. A similar relationship was observed over the late postexposure period (see Figure E4 in the online supplement) CVT (r 2 ϭ 0.41, p Ͻ 0.05, n ϭ 10).
DISCUSSION
Studies investigating the relationship between ozone dose and transient lung function decrements have revealed both the existence of a relatively simple sigmoidal relationship and emphasized the importance of ventilation rate on the magnitude of the decrements observed (12) (13) (14) . In this study, we investigated whether a similar simple relationship existed between ozone dose, defined using the CVT convention (29) and the magnitude of ozone-induced neutrophilia observed in healthy subjects after controlled exposures. This preliminary study was based on a metaanalysis of the preexisting human-exposure literature, using the percentage of neutrophils recovered by lavage after ozone as well as the fold increase in lavage total protein as markers of inflammation and disruption of the airway epithelium, respectively. Although these markers of transient airway responses cannot be simplistically associated with the reported health effects of ozone (increased cardiopulmonary mortality, asthma exacerbations, increased rates of airway infection, abnormal lung growth during childhood), they are probably contributory factors in the development of these chronic/acute responses.
Using this approach, we demonstrated a linear exposureresponse relationship between neutrophilia in alveolar lavage samples and ozone dose. Although the regressions through the data sets left a considerable proportion of the variance unexplained, the fact that any association could be identified in light of the variations in airway sampling protocols and the known individual variations in sensitivity to ozone (14, 17, 19, 21) is important. As the metaanalysis produced a good estimate of the basal airway neutrophilia, we examined at what point the regression through the ozone-response data would cut the upper 95% interval of the basal airway neutrophil data. We tentatively interpreted this as representing a threshold dose for the induction of airway neutrophilia, obtaining values of 645 (408-883) mg/m 2 for the early and 810 (490-1,130) mg/m 2 for the late ozoneinduced neutrophil response. Clearly, these data refer to the majority of healthy subjects, as certain individuals will elicit responses below this dose (21, 23, 46) . To place these estimates into context, at the current 1-hour National Ambient Air Quality ozone standard (0.12 ppm, 235 g/m . These relationships are illustrated in Figure E5 in the online supplement. It was not possible to demonstrate such a simple relationship in bronchial airway lavages probably due to the greater heterogeneity in lavage techniques used to assess responses in this compartment.
Thus, on the basis of this preliminary analysis, individuals performing even relatively mild exercise for prolonged periods during ozone episodes appear likely to develop acute airway inflammation. Given the difficulty in reducing further ambient ozone concentrations and in light of the fact that exceedences of CVT thresholds are driven by exposure duration and ventilation rate, we suggest that further emphasis should be placed on limiting physical activity during pollution episodes. The detrimental effect of exercise in polluted environments has recently been demonstrated in an epidemiologic study addressing the induction of childhood asthma (40) , and indeed, the current advice already emphasizes reducing outdoor activity during ozone episodes and limiting physical activity to the early morning and late afternoon when ambient ozone levels are reduced.
A number of important caveats must be made regarding the findings of this study and the limitations of the data treatment.
It is clear from the regressions that much of the variance in the data is not explained by the least-squares regression. This is hardly surprising given the nature of the metaanalysis as none of the studies was specifically designed to test exposure-response relationship or to make estimates for response thresholds. The fact that a linear association exists was therefore all the more significant, and other fitting procedures, polynomial and sigmoidal, did not improve the observed association. It is also important to emphasize that we only addressed acute responses in this study and did not consider multiple exposures. Thus, we do not exclude the possibility that cumulative exposures below the cited threshold values might have chronic impacts on other health indices (41, 42) . We elected to rely solely on bronchoscopybased human studies in this metaanalysis and did not include data obtained using less-invasive techniques: induced sputum (43), exhaled nitric oxide (44), or breath condensate (44) . We believe that bronchoscopy-based lavage remains the gold standard for assessing distal and proximal airway inflammation. Although some studies have attempted to validate indirect methods against bronchoscopy-based techniques (45) , these are, in our opinion, rather preliminary and underpowered. Although less invasive methods would permit, once validated, detailed doseinflammatory response relationships to be drawn, to date, they have been used only in high-dose studies where bronchoscopybased data are already available.
It was notable that the dose threshold for the early inflammatory response was lower (645 ). This suggests that responses to low-dose challenges are very transient, whereas persistent effects are more characteristic of high-dose challenges. This is an important point, as one of the initial problems identified in performing this type of analysis was how to control for response progression. In many of the studies cited, especially those examining early airway effects postchallenge, and in which neutrophilia was not observed, significant increases in proinflammatory mediators (23) or vascular endothelium adhesion molecules (46) were seen. Of interest in these low-dose studies is whether these early responses would manifest themselves at a later time point as an established neutrophilia. These data, suggesting a lower threshold for early versus late postexposure responses, would tend to argue against this, but the scarcity of low-dose ozone studies addressing early and late responses limits resolution of this issue.
We also made an attempt to examine the exposure-response relationship between ozone dose and altered airway permeability using bronchoalveolar lavage fluid total protein as an injury marker. Insufficient data were available to use albumin for this purpose, and it should be noted that more sensitive markers might display a clearer relationship (6) . Despite this limitation, we observed surprising strong associations between total protein responses and ozone dose (CVT) for both early and late postexposure periods. Due to the necessity to express the data as fold increases to control for variable lavage dilution, it was not possible to estimate a threshold value. However, it was notable that there was little evidence of a significant increase in lavage fluid total protein or albumin below a CVT of 800 mg/m 2 ( Table 1) .
This preliminary analysis therefore suggests that there is a relatively simple relationship between ozone-induced airway responses and ozone. Identification of such a relationship by metaanalysis suggests that this approach could provide a definitive threshold value in a specifically designed large-scale exposure study.
